Introduction
T h e final step in the electron transport chain of mitochondria and aerobically respiring bacteria is the four-electron reduction of dioxygen to water. This exogonic reaction is usually catalysed by members of the haem-copper oxidase (HCO) superfamily, integral membrane proteins that use the liberated free energy to translocate protons across the periplasmic membrane. In spite of differences in their immediate electron donors, affinity for oxygen and cofactor composition, all members of the H C O superfamily contain a highly conserved catalytic subunit (subunit I ; SUI), and are believed to be monophyletic in origin [l-31. SUI comprises at least 12 transmembrane helices and contains the active site, a bimetallic centre formed by the iron of a high-spin, penta-coordinated haem to which substrate and other exogenous ligands can bind, and an adjacent copper ion (Cu,) [4]. Also found in SUI is the binding site for a second haem, that is six-coordinate, which serves to transfer electrons to the active site. Transmembrane helices 11, VI, VII and X of SUI harbour six absolutely conserved histidine residues that are diagnostic of the entire superfamily and which serve to ligate both haem irons and Cu, [S].
T h e eubacterial HCOs can essentially be divided into two main groups: the quinol oxidases, e.g. Escherichia coli cytochrome bo,, and the cytochrome c oxidases, such as the cytochromes aa, from Paracoccus denitrificans and Rhodobacter sphaeroides. T h e main difference between the two types of oxidase is the presence of a fourth metal centre, known as Cu, or purple copper, in the contain a hydroxyethylfarnesyl substituent of the porphyrin macrocycle, which has been implicated in proton movements [39] . Like E . colicytochrome bo,, the magnetically isolated low-spin haem of ccoN, haem b, is also a protohaem.
Another significant difference between ccoN and the catalytic subunit of other eubacterial oxidases is suggested by careful inspection of their primary sequences. Many of the ionizable residues that form two structurally defined proton uptake channels of cytochrome aa, oxidase, known as the D -and K-channels, which are responsible for moving protons from the face of the inner membrane to the buried dinuclear centre during turnover, are absent from the derived amino acid sequence of ccoN [13] . In particular, tyrosine-280 (residue numbering corresponds to the P. denitri-$cans cytochrome aa, sequence), that lies at the top of the K-channel, is absent. In cytochrome aa,, post-translational modification of tyrosine-280 covalently links it to histidine-284, one of the Cu, ligands [40] , to form a site capable of stabilizing a radical species during oxygen reduction [39] . There is no obvious replacement for this unusual structure in the cytochrome cbb,-type oxidases, which might suggest that the design of the proton pump is fundamentally different, perhaps accounting for the different H'/e-stoichiometries discussed above.
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Organization of the cytochrome cbb, oxidase complex Although cytochrome cbb, oxidases appear to utilize cytochrome c and not quinol [15, 41] as an electron donor, they lack a Cu, site [14] . Instead the complex contains two membrane-anchored subunits that contain c-type haems. These are the monohaem cco0 (23 kDa) and the dihaem ccoP (35 kDa), one or both of which may serve to transfer electrons derived from the bc, complex to the catalytic subunit ccoN. Despite the presence of a single haem c binding site, cco0 exhibits minimal similarity to known c-type cytochromes that incorporates only cco0 into the enzyme complex allowed the assignment of the + 320 mV reduction potential to the c-type haem in this subunit [15] . Mutagenesis studies on the assembly and function of the individual subunits are also consistent with these assignments [43] . These results led to the proposal that electrons are passed from the electron donor to haem b via ccoP and cco0 in that order, although the requirement for such a degenerate electron transfer chain is far from clear.
T h e cytochrome cbb, oxidase operon includes a fourth gene, ccoQ, which is predicted to encode a small membrane-bound polypeptide. T h e presence of ccoQ in a purified complex has so far been demonstrated immunologically only in B. There is some recent evidence to suggest that in R. sphaeroides ccoQ serves as a ' transponder ' in an as yet undefined signal transduction pathway that controls the expression of photosynthesis-related genes in response to the flux of electrons through the cytochrome cbb, oxidase. It has been suggested that this specific role for ccoQ may be related to the presence of two histidine residues that are conserved in R. sphaeriodes and R. capsulatas, but which are not present in non-photosynthetic species [44, 45] .
Cytochrome cbb, oxidase from

Pseudornonas stutzeri
Pseudomonas stutzeri is a facultative anaerobic bacterium that is capable of denitrification. Recently a preparation has been described that provides high yields of stable cytochrome cbb, oxidase from this organism [17] . We have recently prepared the enzyme using this method and assessed its integrity by a combination of SDS/ PAGE, oxygen uptake measurements, haem determination and M S [46] . In addition, we have sequenced the ccoNOQP operon of P. stutzeri, and the derived amino acid sequences are consistent with the experimentally determined subunit masses and haem determinations.
Detailed spectroscopic analysis of the oxidized cytochrome cbb, oxidase from P. stutzeri using a combination of UV/visible, EPR and room-temperature magnetic C D spectroscopies is consistent with the presence of four lowspin haems : haem b together with the three c-type haems of cc00 and ccoP. This analysis clearly showed that one of the c-type haems of either cco0 or ccoP had His/His co-ordination, rather than the rather more usual His/Met ligation. Roomtemperature magnetic C D spectroscopy of ccoP that had been heterologously expressed in E. coli revealed that the origin of the His/His-coordinated c-type haem was this subunit. Cytochromes c that have His/His rather than His/Met ligation generally have a lower reduction potential (Em < 100 mV), due to a reduced ability to stabilize Fe(I1) [42] . This discovery was rather unexpected, because of the midpoint reduction potential of the presumed electron donor cytochrome c (Em approx. +250 mV), and poses the question of the likely role of the His/His-coordinated c-type haem in ccoP. Past difficulties in obtaining cytochrome cbb, oxidase in high yield has made the spectroscopic study of the enzyme from other sources rather difficult. For example, there are only two published EPR spectra of the purified oxidized enzyme ; unfortunately, these are only of sufficient resolution to demonstrate the presence of low-spin ferric haem and confirm the absence of Cu, [14, 15] . In fact, signals associated with each of the four low-spin ferric haems can clearly be seen in the X-band EPR spectrum of the P. stutzeri enzyme at 10 K, although unambiguous assignments could only be made by reference to the EPR spectrum of ccoP.
Unusual CO binding properties of cytochrome cbb, oxidase
We have also been able to use isolated ccoP to try and resolve some of the outstanding issues concerning the binding of CO to cytochrome cbb, oxidases. In our hands we found evidence of CO binding to both b-and c-type cytochromes (Figure 1 ). This has also been observed in cytochrome cbb, oxidase from B. japonicum [30, 41] , while the published spectra of the enzyme purified from R. cupsulatus [15] indicate that CO bound only to a c-type cytochrome. When we examined the separately expressed ccoP subunit, we found that it can bind CO stoichiometrically, but only after reduction with dithionite. T h e fact that CO does not bind after reduction with ascorbate suggests that the low-potential bis-histidine-ligated c-type haem must be reduced in order to bind CO (Figure 1) . The separately expressed periplasmic soluble domain of ccoP from B. japonicum expressed in E. coli can also bind CO [47] . However, there is no evidence of CO binding to a c-type haem in the enzyme purified from P. denitri$cans, although this may be accounted for by close inspection of the reduced-minus-oxidized difference spectra [13, 18] , which show the ccoP subunit to be lost during purification [13, 43] .
Taking into account this new information, we have gone on to study the recombination of CO with both reduced ccoP and the active-site haem b,. T h e rate of CO recombination with the activesite haem b, (& = 7 x lo5 M-' . s-l ), as determined by laser-flash photolysis, is appreciably higher than for other HCOs that contain copper in their active site (kon = 7 x lo4 M-' . s-') ([48] and references therein), which is consistent with a somewhat more open dinuclear centre that allows CO to bind to ferrous haem b, in a linear, rather than a bent, conformation [49] . In contrast, the kinetics of CO recombination with ccoP are broadly similar to those observed in a recently characterized six-co-ordinate plant haemoglobin [SO] . This suggests that, in ccoP, CO binding must be preceded by displacement of the distal ligand from the His/His-co-ordinated haem. These observations lead us consider whether ccoP serves not only as an electron transfer domain, but also as a sensory domain in a signal transduction pathway, perhaps involving ccoQ. Whatever the final answer, there is some way to go in elucidating the Binding of CO to reduced haem centres in cytochrome cbb, oxidase from
Pseudomonas stutzeri
In the isolated enzyme complex, CO can bind both to ferrous haem b, in the reduced dinuclear centre and to the His/His-ligated c-type haem in ccoP, giving nse to troughs in the reduced-CO minus reduced difference spectrum at 560 nm and 550 nm respectively (A) In isolated ccoP. The wide variety of respiratory substrates for Shewanella is correlated with the evolution of several multi-haem membrane-bound, periplasmic and outer-membrane c-type cytochromes. T h e 21 kDa c-type cytochrome CymA of the freshwater strain Shewanella oneidensis MR-1 has an N-terminal membrane anchor and a globular tetrahaem periplasmic domain. According to sequence alignments, CymA is a member of the NapC/NirT family. This family of redox proteins is responsible for electron transfer from the quinone
